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1 he Mihi ri be Muhlcn boi y, i mac t Poaceae: C h loridoideae: Eragrostideae) was first

circumscribed by Pilger (1 950) to include only species of MuMcnbergiaSchreb.

with narrow single-flowered spikelets, firm glumes often shorter than the

awned lemmas, and cylindrical caryopses. In this same treatment Pilger recog-

nized Epicampes}. Presl \-Muldcnhergia subg. Tvichochloa A. Gray, M. sect.

Epicampes (J.
Presl) Soderstr.] in subtribe Sporobolinae Ohwi. Pilger further di-

vided Muhknbergia into eight sections: Auvms (Trin.) Bush, Beaha (Scribn.)

Pilg., Cinnastrum (E. Fourn.) Pilg., Clomena (P. Beauv.) Pilg., Muhknbergia,

Podosemum (Dcsv.) Pilg.. Pscud.'NpomJ'o/u.s Parodi, and Slenodadiurn (Trin.)

Bush,. Subsequent authors have agreed that Pilgers ml rageneric treatment o(

Muhlenbergia was not particularly phylogenetically inlormative (Soclerstrom

1967; Pohl 1969; Morden 1985: Peterson and Annable 1991). More recently the

following six genera haw been shown tosharc commonancestry and have been

placed in the Muhlenbergiinae: Bealia Scribn.. Blcpharoneuron Nash,

Chaboissaea E. Fourn., Lycurus Kunrh, Muhlenbergia. and PereilemaJ. Presl

(Duvall et al. 1994; Peterson 2000; Peterson et al. 1995, 1997).

Many agrostologists have elected segiegate genera to emphasize critical

li tun, m iln lai aid divei i gem \i i/i/t n|i< rgm I
> van •, i 181.0) n < oj'

nized the genus Podosem n hi. based on the caespitose. open panicled, and long-

awned M. capilkiris. Palisot de Beauvois (1812) described the genus Clomena

based on the annual M. peruviana, and Presl ( 18 >0) described Epicampes based

on M. robusta. Two relatives of the type species of the genus (M. schreberi), M.

glomerata and M. andina, were given generic status by Link (1833) as

Dactylogramma and by Thurber (1863) as Vasexa, respectively. Nuttall (1848)

described the genus Calveodon based on the widespread and often important

range grass, M. moman a. The only other generic name given to a species pres-

ently placed in Muhknbergia is Crypsinna, described by Pournier (1886) and

based on M. macroura. Hitchcock's (1935) transfer of many of these segregate

genera to Muhlenbergia has been Followed by most American and European

botanists. I he morphological characters ( hat delimit the genus are spikelets

with single perfect florets and hyaline or membranous lemmas with three usu-

ally prominent veins. I hese characters are not at all unique within the Eragro-

stideae and seem to be possessed by about hall ol the genera in the tribe.

The morphological di\ersiiy within Mulilenbergia is t rcmendous. Annuals

less than 2 cm tall [M.depauperata.M. mi nut issima.M. peru \>iana,M-ramulosa)

are not uncommon and there arc numerous si rough, caespitose perennials over

2 m tall {M.gigantea.M mutu .a, M. robusta). Rh monies and ,/or stolons are found

in 1/4 of the species and there is a single species (AT dumosa) that has a growth

form similar to bamboos. 1 eal blades can be flat, involute, or folded with a variety

of pubescence types located on iheabaxial and/or adaxial surface. All species ol

Muhknbergia have open or contracted (spike-like) panicles with the branches



generally re-branched. At maturity or anthesis. the angle of the branches

spreading from the culm axis and t he total width of the inflorescence are diag-

nosiii < h rat t< ri ti< used to < p i in ih p C( i< P< di el on nr an n< m \ tin

from appressed or spreading to nodding and reflexed bom the branches and

the pedicels can be either lound or flail ned in ros eel ion. Most species of

Muhlenbergia have m i uK ilmuand ph M i aUhou Inbu rre two species that

are occasionally 2 or 3-flowered >M. aspei i folia and M. uniflora). The lemma is

perhaps the most u us il iniiiiin imln
! mm u< h i , length, presence or

absence of an awn or mucro, pubescence type and location, shape, and color

can all b< i . d tmdiik u nnin nmi i tin p. u ' In im k I, mmm > \ t in.J

(f -veined in M.palm i rc/isis J with a si our men rial vein and two lateral veins, although

the lateral veins are sometimes very 1 la.rd i md seem wit 1 i a good (20X) dissecting

microscope. The caryopsi has a fused pericarp and is u ually free from both

the lemma and palea in mm tspe< iei ml Muhlenbergia however toe length, shape

and to h .(it ti m - ul )i u i

i

i
ibl

At 1
i i talb Muhlcn cd of lil sp Peterson 2000 I h

distribution of Muhlcnba mi ilrnmsr entirely \ev World where 133 species

are indigenous to North America [all hough many of these range to Central

America (33) and South America (14)1; 38 species occur in Central America (a

single species is endemic J: bm species occur in South America (10 are endemic);

and only six endemic species ace known ro occur in southern Asia. One obvious

hypothesis is that the genus arose where it is most diverse today i.e., northern

Mexico/southwestern U aim hi nc idiatcd hoi i dispersal event, the

longer t lie distance from i he place of origin, would in theory, lessen the chance

mi isuecessful introduction fnereioi bun ire rnan\ speciesof Muhlenbergia

m Nmith Mimma kvm in' . nil il \im mm .
\

t n u v i in mifli Mmn, i ,uiA

Imalh' very lew in Asia o la ill ten peei n thi ubi nbe Muhlenbergiinae

that have been investigated genetically (Pctei on md 1 1 rrera A 1995; Peterson

and Morrone 1998; Peterson and Ortiz-Diaz 1998; Peterson et al. 1993; Sykes et

al. 1997) exhibit a norl h to south migration pattern, including Muhlenbergia

torreyi (Peterson and Ortiz-Diaz 1998).

All species of Muhlenbergia previously examined exhibit kraim Um) leaf

anatomy, particularly the parenchyma sheath subtype which is common in

species occupying the most arid regions (Brov nl9/ Mates hey 1984; Hattersley

and Watson 1992). Two main subtypes, NAD-ME(nicotinamide adenine dinucle-

otide co-factor malic enzyme) and PCK(phosphoenol pyruvate carboxykinase)

have been found, verified by biochemical assay, to oi cut within Muhlenbergia

(Gutierrez el al. 197 A. 1 lattersley and Browning 1981; Brown 1977; Hattersley

and Watson 1976, 1992). These two biochemical subtypes differ in their predomi-

nant C4 acid that is transported from primary carbon assrm 1 lation tissue (usually

the mesophyll) to the photosynthetic carbon reduction u'CIA tissue Usranz



sheath - parenchyma bundle sheai h ) bee I larrcrslcy and Watson 1992]. There

usually is an associated anatomical structure in PCK-likc species that is diag-

,„, iu mill Km c ji i una m. i ioi > hlou iu fn in i n in i ontinuou between

adjacent vascular bundles. In typical NAD-MHspecies the chlorenchyma is

tightly radiate and usually separated from one vascular bundle to the next by a

column of colorless eel Is 1 hesc diffcicnco havt hi lorn ill\ been used to separate

these two subtypes: however, it has been shown in ioiueopoyon Desv.ex P. Beauv,

Eragrostis Wolf , hAmc/ine R. Br, Panieum I.., PrinkdorMou S. T. Blake, Triodia R.

Br, and Triraphis R. Br. that these anatomically PCK-likc genera are actually

biochemically NAD-ME(Ohsugi et al. 1982: Prcndergast et al. 1986, 1987).

The first majorauatomical investigation of MuMchIvivm wasdone b\ 1 lohn

(1901) who looked at 10 species and was able discern three groups: woodland types

(=M.subg.Muhlenlvrgm):diy, rocky mountain slopes A M.siibg. Trtchoch/ofl, sect.

Epicampes and other species]; and M.fi I ipes (= M. subg. Trichoch loa, sect. Podosemum).

Holm (1901) pointed out that from an anatomical view point these characteris-

tics might prove useful in dividing Muhlenbergia into sections or subgenera.

Schwabe 1.1948J later investigated 22 species ol Muhlenbergia that occur

in South America and found that they correspond to four major groups: hygro-

phvies or mesic species u hi. subg. Muhleuberyju). \erophytic annuals one,

xerophytic annuals two ( M. subg. Muhieubergia)^ xcrophylic perennials, and

psammophytic perennials (= Msubg. lin Inn Momsect. Podosemum). Schwabe

(1948) also suggested that Muhleubergui should be separated from the genera

ol Agrosrideae and incorporated into the I ragrosteae.

On the basis of leaf blade transectional anatomy and morphology

Soderstrom(1967klistuigLushed two subgenera in hhihlenbergiaMuhknbergiti

and Podosemum (= Trichochloa, an older name), and divided M. subg.

Trichlochloa into two sect ions, sect. Podosemumand seel, /m t cumpes. Soderstrom

placed lOspcciesol Muhleubergui, which luivc parlially sclerosed phloem and

caps of sclerenchyma associated with the primary vascular bundles, into M.

subg. Trichochloa. Muhlenbergia sect. Epuampes was characterized as having

a compound keel Unidvem) composed ol primary and secondary vascular

bundles sunken in a confluent mass ol thick-walled parenchyma, whereas M.

sect. Podosemum had a simple mid vein composed oi a single primary vascular

bundle with additional iertiai v vascular bundles present iSoderstom 1967).

Two years later Pohl (1969) completed a revision of 12 closely related species

that he believed to represent the entire M. subg. Muh len hergui in North America.

Principal differences among the species in this study were size of the bufhform

cells, size and degree o\ radial orientation of the chlorenchyma, and the extent

low hi hth chlorenchyma w or; iu d ntodisi tc units surrounding each

vascular bundle. Using morphological characteristics of the rhizome (posses-

sion of very short iriici nodes with imbricate scales) and leaf blade (thin, flat



blades w irh low k i; ill v idth i mo [\>hl ( Ji nngui I eel tfu pccn h .in

others in the genus. However, these same characteristics are seen in M.

califormca, a species of the mountains and valleys oi southern California, and
many other species common to the soul h western United States/Mexico.

Morden and I latch (1987, 1996 J invest igated the anatomical and morpho-
logical variation within the M. rcnenscom pie x, which consists of six species in

North and South America. Anatomical data supported the placement of M.

squarrosa (Trin.) Rydb. as a synonym oi M. nchardson is, and supported the rec-

ognition oi two varieties oi M. viUiflora.

Peterson et al. (1989) and Peterson and Amiable (1991 ) investigated 29 annual

species of Muhlenbergia and found 14 characters useful in distinguishing four

major species groups. Species oi group (

1

) had flat blades, two tertiary vascular

bundles between primary vascular bundles, vascular bundles positioned on
the median layer, distinctly radiate and compact chlorcncln ma cells sepauu i ng

adjacent vascular bundles, and Ian-shaped central bulhform cells. Species of

groups (2, 3 & 49 shared three characlerist ies: I > indistinctlv iM incom pleieK

radiate and loosely arranged elilorcnehyma cells, 2) chlorenchyma cells con-

tinuous between vasculai Hindi nl lucid shaped < nil I bulliloi m lb,

(= M. subg. Muhlenbergia).

More recently a biosystematic study investigating the anatomy of the M.

montana complex (consisting oi 15 species) has been completed (Herrera-

Arrieta 1998; Herrera-Arneta and Grant 1 994). Herrera-Arneta and Grant used

18 characters to dil I e rent lai c among t hew species and louncl lour major species

groups. Important characters appear to be the central midrib structure (similar

insizetotheothci pium \\ ,1 lid,
i pi rnceo a prominent central

midvein), the depth oi rheada\ia and abaxial furrows, sclerenchymatous girder

development between the parenchyma bundle sheath and the epidermis, and
epidermal vestiture (glabrous or papillose).

Leal anatomical characters within the Poaceac as viewed in transverse sec-

tion have long been recognized as important diagnostic features used to deter-

mine systematic relationships, and haw been critical in elucidating infragenenc

relationships within Muhlen bergia (I lerrera-Arrieta and Grant 1993; Holm 1901;

Morden and Hatch 1987; Peterson 2000; Peterson and Amiable 1991; Peterson et al.

1989; Pohl 1969; Soderstrom 1967 J. A preliminary summary of our anatomical

analysis is presented in Peterson (2000) where two subgenera, M. subg.

Muhlenbergia and subg. Tnchochloa, and a possible third group, 'Clomenti are

recognized. In this current paper we will give a detailed summary of the ana-

tomical features as viewed in cross section oi 148 oi the possible 151 species

within Muhlenbergia and present a subgenenc hypothesis that most closely

reflects a cladistic analysis ol the data. I his is the first anatomical survey of

nearly all species within this large variable genus.



MATERIALS ANDMETHODS

Over the last 16 years fresh field collected leal blades were obtained from North,

Central, and South America, as well as China for anatomical study (.Appendix

1). Five mmlong leaf blade segments from the central third of" the mid-culm

region were fixed in l

TAA (.10 parts FtOI 1; 1 part glacial acetic acid; 2 parts 37%

formaldehyde; 7 parts distilled water). A lew species (less than 5%) were studied

from dried herbarium specimens because fresh field collected material was

unavailable. Leaf blades were first desilicilied in 100% hydrofluoric acid (HF)

for 48 hours in order to ease microtomy, then dehydrated using 30, 50, 70, 90,

95, and 100% (twice) ethanol, graded into xylene (twice) and transferred to

xylene: paraffin oil 0:1, steps 1 hour minimum). Blades were then dehydrated

by using 2-2 dimethoxy propane iHMP). acetone, and tertiary butyl alcohol

(TBA) series while in a vacuum. Infiltration was accomplished using two, six

hour minimum changes of liquid paraflin before being embedded. The tissue

was softened using 95% LtOH: Glycerin: lib (.8:1:0 to improve slicing (Foster

and Gifford 1947). A standard rotary microtome set at 6-10 :m thickness was

used and sections we re stained wathsafran m/last green or 0.05% toluidine blue

(Berlyn and Miksche N76). Samples were examined and photographed on an

Olympus BL1-2 photomicroscope using Kodak TMAX black and white or

Fktachrome color slide film.

A natomiciilclescript ions were coin pleledli>llowiiig the procedure for stan-

dardizing comparative leaf anatomy in grasses as out lined by Hi Lis (1976). For

purposes ol com pari son and standardisation, primary vascular bundles (1% are

delined i oniainin i i icta vlem lem nt on either side of the protoxy-

lem elements with additional ksigenous cavities, and are usually associated

with sclerenchyma girders or strands ( 1:1 lis N70: Peterson et al. 1989). Secondary

vascular bundles (11% resemble 1° vascular bundles by having distinguishable

xylem and phloem but lack large metaxylcm elementsand Ksigenous cavitities.

Tertiary vascular bundles (111°) contain indistinguishable xylem and phloem

areas and are usually smaller than the hand 11° vascular bundles.

A list of the anatomical characters and their states used in all ensuing analyses

appears in Table ha list of specimens used in this study is given in Appendix 1;

and a complete data set is given in Appendix 2. The 15 5 taxon by 16 character

data set was analyzed with WmClacUOOO.Parsimony heuristic analysis was

performed with NONA(Goloboff 1668; Nixon 1666). Weused 10 random taxon

order replications in NONA, with TBR swapping holding 20 trees, followed by

TBR swapping (to completion) holding up to J 00 trees. A hard collapse of all

unsupported nodes was selected to produce the cladogram m Figure 17. Since

we were not testing I oi' monophvlvol 1 1 ic genus, the out group species were con-

strained, i.e. .there were nosvnapomorpliicssuppoi t mg the Muhlcnbcrgia elade.
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Allautapomorphic; were not includi ! in tin final < ladograrn because the\ add

no additional information lor inferring relationships anion g two or more taxa.

RESULTSANDDISCUSSION

The results and discussion are interpicted in two parts: i ) a general description

combining all species of Muhlcnbcr^uu and 1) results of the cladistic analysis.

General Description of Leaf Structure. —Lamina (blades) are sometimes

undulating, to more commonh flat outwa li\ bowed I, , commonb in\o

lute (Fig. 3), or folded (Fig. 4 J. The angle formed by the two arms is broadly V or

U shaped to expanded, occasional lv loosely involute. Ada. via I kirrow depth in

comparison to the leaf thickness can be slight, shallow (< 1/5 leaf thickness,

Figs. 1, 11, 16), medium (1/5 to 1/3 leal thickness, Figs. 2, 13), or deep (1/2 leaf

thickness, Figs. 3, 10). and m the form oi clelts located between all vascular

bundles Adaxial tib irceommoiil on niopposii ill i -nil ai bundles (Fig.

2), the same size to general b .mallei than ibaxial rib to less frequently absent

with shallow groves opposite the vascular fmndles (lag. I). Primary vascular

bundleshape vane Atom ion aho 1 1 i 1 J loobovan ellipiiclFig AlOi

or rectangular (lags. 5. I 3, 1 4): secondare and tertiary vascular bundles also ex-

hibit the same variation in shape. The secondary and tertiary vascular bundles

are generally of the same size as the primary vascular bundles (Fig. 4), to about

4/5 the size of the primary vascular bundles i, lag. 5), or very unequal, less that

2/3 the size of the prirnai y vascular bundles (.lag. P.). Abaxaal projection of the

median vascular bundle or midrib, msed b\ clerenchyma is omelimi laigs

and witha protruding ridge (lie , u oncon picuous, often flat to round (Fig. 4).

and adaxial fibers, and intercostal sclerenchyma. 3. M. dubia with an involute lamina, deep adaxial furrows (1/2 or

more than blade thickness), obovate/elliptic vascular bundle shape, adaxial crown of inflated cells, abaxial inflated

cells, simple keel with only a single primary vascular bundle, tertiary and secondary vascular bundles <2/3 the size of

the primary bundles, with secondary and tertiary vascular bundles positioned c

two layers of continuous abaxial sclerenchyma, and a sclerenchyma cap along the blade margins. 4. M. brevivaginata

with primary and tertiary vascular bundles about the same size, a simple keel, rounded vascular bundles, an undiffer

entiated median vascular bundle, centered vascular bundles, and 13 vascular bundles per blade. 5. M.pubigluma with

secondary and tertiary vascular bundles that are about 4/5 the width of the primary bundles, two secondary or tertiary

vascular bundles between each primary bundle, rectangular vascular bundle shape, centered vascular bundles, tightly

radiate chlorenchyma,a column of colorless cells separating each vascular bundle, sclerosed phloem, parenchyma bundle

sheath extensions, one or two layers of adaxial sclerenchyma development in the primary bundles, and discontinuous

abaxial sclerenchyma development in the primary bundles. 6.M. nigra showing obovate/ellipticvascular bundle shape,

tertiary and secondary vascular bundles that are <2/3 the length and width of the primary vascular bundles, tightly



1

japonka with an abaxial enlarged and bulbous projection of the median vascular bundle, a complex compound k<

consisting of a primary vascular bundle and two tertiary vascular bundles with associated parenchyma, with or

mary and tertiary vascular bundles, loosely arranged chlorenchyma, and five tertiary \



The median vascular bundle or midrib is a simple keel (.big. In consisting;

of a single vasculai bundle with oui issociatcd parenchyma a compound keel

(Fig. 8) consisting of one primary and two secondary or tenuis \ vascular

bundles with associated parenchyma, or; u o triplex compound keel (Fig. 9) con-

sisting of three 01 mon priman secondare a\v\ or tertiary vascular bundles

with associated parcnefn ma. All vasculai bundles are com mon1\ situated w ith

their position in tli. m diau lau i oi t In bh.de nib. anudui iiu nomtli.

adaxialandabaxial leai urface(Fig: '

1 >!l 1 3j. or are occasionally closer to

the adaxial surface (lis > ), 10) at two or thn le\< Vascular bundle compo-

sition consists of primar\ nd econdary only in thi am. blade (Fig. 7), only

primary and tertiary in the same blade (bigs. 1. 8. 1

1

). The presence of primary,

secondary, and tertiary vascular bundles combined in one blade is not as com

mon (Figs. 3, 6, 10). The total number ol primary vasculai' bundles varies from

5 to 15 (four in M./t/sl i^niid nun in \/ puuciflont I >in M.^igantca). Secondary

and/or tertiary vascular bundles are arranged m a regular fashion between

consecutive priman vascular bundle and the number vans Ivi wen I- la

3, 4, 6), or 4-8 (Fig. 8).

The chlorenchyma tissue consists of two major types (arrangements). It

can be composed o I mgl< radial la\ roftighrb pael d tabular cells that

surround each vascular bundle [NAD-M b cen tri pel a 1 1 y ]

nsttioned photosyn-

thettc carbon reelru rum !'< R; cell i hloropl ist XyMSa- md F( V « II outliu.

that are even in tran vei e section ,ec I laliei ley and Watson F>P] and i epa

rated by uni-, bi- or tri serial columns ol colorless bulliionn cells (Figs. 3-6, 9,

10, 12-15). Or it can be composed of tabular cells that are indistinctly radiate

and continuous between the bundles [PCK type, defined as centrifugal/evenly

distributed PCR cell chloroplasts (with grana). XyMS+ and presence of PCR

cell wall subenzed lamella, in Hattersley and Watson's (1992) sense] (Figs. 1, 11,

16). Colorless cells (lag rib, 13) an mailer oi imilat it ar.< md hape to

bulliform cells and are often inflated. A crown oi ml lated cells is sometimes

present over the primai y \ nl r bundk on tin. id nib urtaci md thesi

inflated eel Is can be ion i id over the secondary vascular bundles as well 'bags. >.

6, 7, 10, f 4). Inflated ill ometinu < n b found e| uat ing the primary vas-

cular bundles from the epidermis on the abaxial surface 1 1 Igs 3, 6, 10). Strips of

lore than the blade thick

f inflated cells, abaxial inflated cells, and

nchyma in the primary vascular bundles. 11

.

M.schreberi wil h 4 - 1 1 primary vascular

h tertiary vascular bundle, shallow adaxial furrows, centered vascular bundles, loosely arranged

shaped bulliform cells, and a single layer of adaxial and abaxial (discontinuous) sclerenchyma

of colorless cells separting the two vascular bundles. Scale bars = 50 i^m; symbols as follows: b = bulliform cell; cl =

chlorenchyma, mx = metaxylem; p phloem; ps = parenchyma bundle sheath; s sclerenchyma; sp sclerosed phloem.



Figs. 13-16.Leaf blade anatomy of Muhlenbergia,adax\a\ surface uppermost in all pi

adaxial furrows 1/5-1/3 the blade thickness, rectangular vascular bundle shape, c

rosed phloem, tightly radiate chlorenchyma, a column of colorless cells separating each vascular bundle, three 01

rectangular vascular bundles, sclerosed phloem, tightly radiate chlorenchyma, an adaxial crown of inflated cells in the

primary vascular bundle, abaxial and adaxial interrupted parenchyma bundle sheath, abaxial girder of sclerenchyma

m cells, three or more layers of adaxial sclerenchyma, and mam

interrupted parenchyma

well-defined and regular hullilorm cells are present in the epidermis and are

distinct i nan normal epidermal cells. Bui I i form ceils can he closely associated

with the colorless cell Bullilorm and i oloilcss cell iocel her lorm the urn . hi .

oi tn-seriate columns which extend I rom the adaxial
I
arrow ,,, the ahaxial
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epidermis separating the vascul u buiulli (I ig^ 5, 1
' 1 "b or the columns do

not extend to the abaxial urla< (Fig. 2) f"he central bullilorm cell can be cir-

cular to fan-shaped (Fig. 14) or narrower than deep, shield-shaped (Figs. 1, 11,

16). Outer tangential epidermal cell wall are un ln« k ned to slightly thick-

ened, with cells of si mi lai iz< Macrohairs have i unkery nonconstriered bas<

and are embedded bi twe< n bulliform and/or colorless cells.

The phloem of the primal s vast ul u bundles can be homogeneous or

mi ,( li ii f (Ul n MM Ih.i inn iiupndvnli d u m liMiia or sclerosed (Figs.

5, 10, 14) where it ad |( hi i tin iiumohh ,h.aih |\\ o enl need metawlcm \cssels

are present adjacent to the phloem and one or two other enlarged protoxylem

vessels are located adaxial I \ uuh< phlot tn U w ' 1 10 1 D Mi taw U m \ ( t

1

ate mill not w id i th n the pamn< In m t In ,nh nil li htly thickened, and

circular in outline K mestome heath ui rounds the xylem and phloem. The

mestome cells are small with unilon ly thicl ned \ d 1 in ' b ndli h 2

5, 10, 13, 14).

Bundle heath intra prim ry \ cnlai aindk ometiiues include e.\

tension Fig. 5)andareentir< forma mplei circle) to adaxially interrupted,

oradaxiallyandaba\iall\ inlet nipu d \\ igs I I L5)by a broad girder of a few to

mati\ ,< In em n \ ma lib. i 1 1 ay 1
I

Finn >knk s nit lar< de elk (Tig 1 I ) -hi

ondary and tertiary vascular bundle parench ma lit u lis are mostly entire,

not interrupted, toabaxially interrupted in ;ornc ;pecie: khe median vascular

bundle parent h\ ma sheath i: most I \ abaxi lb interrupted, to interrupted on

both sides, or less frequenth not interrupted t oinmonb 6-21 cells form the

parenchyma sheath ol pinmun \ i t mai bundl il w '
> 10-12, 15, 16), with

up to 24 cells found in som< ;peci< (Fig. 14 while 3-14 cells commonly com-
pim p it m lo in i bundk ixath ol e< ondai \ (i igs > 10) and tertiary (Figs

1, 11, 16) vascular bundles.

\daxial aid ibivial ,t leu v li\ madevelopment is extremely variable! rom

a few fibers (Fig. 1) to 1-3 layers or strands (Figs. 5, 10, 14). In a few species a

continuous layer of sclerenchyma can form beneath the epidermis on the

adaxial or more com i noii i\ ibixul mk i

I
io ) } (, 10) Sclerenchyma is

usually present alom the margin o! thi i d. forming i 'cap" that ma) be

rounded or pointed (Figs 3 4) flu clei leh i u > adjoins normal meso-

phyll cells. Sclerenchyma is usually absent U h ecu ,k1u ,cular bundle where

there are no continuous sclerenchyma layers. However, a few species, M.

pauciflora (Fig. 2) and M. seatonii, form i m n ixiai irder ol" ini istal

sclerenchyma. An abaxial pi o|. < ion a i ik i d In < leicnchymaissome-

times enlarged and bulbous (Figs. 7, 8).

Cladistics. —For the overall analysis ol 148 species (pi li two infra pcciiie

taxa) of Muhlenbcrgia and four outgroup species representing four genera

(Eragrostis acutiflora. Erioncuron avenaceum, Lcplochloa virgata, and



*i



^Ei



I
, ,

r
, lit n n i , , , i 1 urn, in, ..ii K ii h i I

1 til. ,.iii1mii u o i

All possible combinations were obtained by changing the order of each

outgroup listed in the data set anil sequentially eliminating one, two or three of

the outgroups. These 200 lives I torn the single overall anal\ sis are 97 to 99 steps

long, with a consistency index (CI) ol 0.30 and a retention index (Rl) of 0.89.

Twenty of these 200 rives were only L)7 steps long and therefore one of these

was randomly selected lor illustration (lag, 17,). As indicated in the methods,

[here were no synapomorphies supporting monophylv ol the Muhlenbergia

clade, therefore the outgroup species were constrained. These 16 anatomical

characters are not, b\ themselves robusi enough to test lor monophyly within

the genera o\ Muhlenh. rgiinac. hragrost ideae. or the entire Chloridoideae.

I In m l hull ivsoh in tin tncl consensu r. loi lln < t ill .w^ id i
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(using the 200 trees). However, the strict consensus tree separates a clade (Fig.

17A) containing M. aurca, AT brcviliyula, M. distant, M. distichophylla, M.

emersCy/.AI lydidcd, M. ruuadrv, AT omapudi VI ai\,^'nUi M n uhfolia M
lehmanniana M lindhcimcri \i lonyj lumh \i Cms/byaC \i pilosd \1

pu/vsccn.y Al. recckTm urn. A I. robust a, M.>copa> at, Mspa iT.sn.and M.xanthodas

(bootstrap value of 100%); a clade (when rooted with Erioneuron avenaceum in

a separate analysis at 0..W CI and 0,88 81 j or a grade (B), when rooted with

Erayrostis acutijlora in a separate analysis) containing the following 37 species:

M. alamosac, AT cuubTiu. Af appicssa, M. ur.se/tr/. M. bi\'ndcyci, M. bushii, M.

californica, M. ciliata, M. curtifolia, AT x curtisetosa, M. curviaristata, M.

diversiglunus Mdunn \\ am; (
. /,..., \! >..,,« \l.glomerataM-hakoensis,

M. himahiycnsis, M. hueycln., Mjapomca, M. mexicana var. mexicana, M.

mcxicami var. jiiijormis. M. micmspci irui, M puiuifliTii. AT pectinata, M.

polyandis. AT ported. M racemoM. M. ntmn.su. Mschreber'r M. setarioides,M.

sobolifera, M. spiaformiy M. sylvaticcy M. tenellci M. tenuiflora, M. tenuijolia,

and M. thurbcri (bootstrap value o\' 10080: and a grade ol all other specie- m
the genus. The formei group ol 'I spe( ic: all appeal to be members of M. subg.

Trichochloa, sect bpi.m)i/\ i mdi i rinm i Ha I', n i on 'n HU fwoapomorphies

support a clade (big. clack \ J: complex compound b« I nth hi i i

additional primary, secondary and /or ternary vascular hnndleslcharactcr It Oj

and median vascular bundk that u lib rentiated from oth i primary vascular

bundles fcharacter I [(?.){. I low-ever, complex compound keels [character 4(3)]

appear in five additional species in two clades. One a\' these clades. containing

M curviai istata VI. hakocnus \i himaiayi a h an \1. jd'po i, a i compos*

onlv of species endemic to southeast -Asia.

Wemust point our that Ai. nicxtuoia var. mexicana and A/, mexicana var.

/i/i/m jm.saxaaar in rwoscixiratecladcst I le 17 -a tdeA).Both ipecies have identical

scores for the data set. 1 lowevcr. abaxial sclerenchyma development (charact

1 1) is ambiguoLisI y scoret i as hav i ng one or more layers ( si ate 2) or th ree or mo
layers (state 3) for each ol these raxa, 1 am not completely familiar with the c

gorithm used in WinChuL'OOO but it appears that it selects cither state 2 or 3

when reading ambiguous character scores. That would account for the inclu-

sion a\ AT mcxiLdiid var. //A i/nna/.s after the node supported by churactci I
y 8.

whereas M me\uunu\ a in \u maw i <1 n 1 i
I n '

] ha tsjust one of the

20 shortest trees and most of the other trees include both varieties of M.

mexicana in the same clade.

I lira tpoira rph i

]

|
8 id an row i m r than 1 2 the blade

thickness [charact ei 1 u| \ isculai bundle pa uioncd in t wo or three levels

A h u u U i " ' ' uul ml 1 in d a II lo< i 8 (daw > lal > d < pi nnai \ \ i ( u-

1 u bundk charact r 1( I
i| uppoi i coi m no a T

|

w u I i 17, clade (J

that correspond to members ol AT subg. Tr'n hochloa, sect. Podosemum (M.



muytoMM. Mduhia. \l pcpsopliiht, Al lalisnina, Al. lnridu. Ai m.n idiird, ,\l.

nuu:rofu/td,M nana M palnuai Vi w. us VI r^it/i/ and \J s u/wristata). These

12 species plus M. arlnuhita, Mcapillar is. and A/ sir it iu form a clade charac-

terized by having vascular bundles composed ol primarv. secondary, and ter-

tiary types [character 6(3)].

\UthUailhiyjti (iipiUin "is. ,\f. evpiiiiMi, and M. jilipcs are problematic since

in other trees these species com prise a single clade or in separate clades. In 70 o\

the 200 trees these t hree species form a clade with the 14 previously discussed

specicsteimii ivek placed in Ai.subg. Irn Mur/i Tut, sect. Podoscmum. In all other

trees they are aligned with species of M. subg. Trichochloa in a grade containing

clades of each section iT.pauaipc.s and l\hloscmuin). Therefore, placement in

either section o\ AT subg. irn Inn hloa is premature. Interestingly, these three

species were treated by Morden and ! latch ( 1080) as a single species with three

varieties. Although rhev can be somewhat difficult to distinguish using gross

morphological features there appears lo be sufficient differences in habitat,

flowering time. and anatomical structure to warrant recognition at the species

level. Webelieve (Ik etfirei .pea Icarlv belong in Al ubg // u hochloa since

they form a clade with other memhers ol sect, dpi rum pes and sect 10,/n.symiim b\

possessing a crown of inflated cells just below (abaxial to the primary vascular

bundles [character 8(2)].

SoderstronH No'/ J delineated A I ub; /; t hochioa(;\ \i if- I'Oilosciutim)

based on possession ol sclerosed phloem, caespitose perennial habit with erect,

usually stout and robust culms, and glumes vemless or 1-veined. The single

apomorphy(symplesiomorphyT of sclerosed phloem icharacter 1 5(2)1 appears to

bean important character aligning at least II additional species in our analysis:

M. clongata, AT jaimc-hinlonii, AT moaliina, AT miilica, M pubigluma, M.

pungent M. purpusii. AT rcvciclioiiio M. sctijolia. M. versicolor, M. virlettu. All

these species except A/ punpcus have the morphological characteristics that

Soclerstrom described for Al subg. h a Inn hloa. Mnhlcnhcicai panccas is tin

zomatous, decumbent near the base, and short (culms 20-70 cm tafl). Based on

our morphological observations AT pungciis appears rehired to M. arcnacea, M.

arcnicola, and M. fonryi. The last two species are the only other taxa in out-

study that have sclerosed phloem [character 1 3(2)f however, these two species

with M. sctijolia always form a separate clade. There are no obvious morpho-

logical characteristics that align. Al. sctijolia with either M. arcnicola or AT

torrcyi. Therefore, the evolution ol sclerosed phloem within Malilciihcryia ap

pears to have occurred twice. Oven though Mmoniaaia exhibits some individuals

with sclerosed phloem, others lack thischaracter state. Muhlcahcryia montana

was aligned with M. straminca and M. vircsccns in about half of the 200 trees

and therefore should not be included in A f. subg. ii a T>, hloa at this time. These

three densely caespitose species all have 5- wined upper gl nines that are usually



3-toothed as well. It seems best to tentatively place I hose eight species (excluding

M. montana and M. pungens) in Msit by. /r?e/iei,. /j /<></ without further afTinii aw

These 200 trees in the ovci all mab i ippear to support a group (Fig. 17,

grade B) of 37 species with apomorphiesol loosely ai -ranged chlorenchyma[C4

PCKtype; character 7l2j] and Ian toslucld-shaped hullihi n cells without for-

mation of a sclercnchyma girder from t h< icla iahoth 1 1 )axial surface [char-

acter 9(2)]. These 37 peci< con pondtoM ul> WhM. mC gin \ll ohlu

species except M. ursenci and M. phvrmdi.s have an additional apomorphy of

four or more secondary and/or ten larv vascular bundles between consecutive

primary vascular bund I e [Character 1 Oil )}. Howcwr. lour species (M. curtifolia,

M.glauca, M pain ijl i and \i in hi hi i f i i i i.u t, i 10

,A homofilaaousM m m tliest *., ,p ( i i< i t h» mi mu m i of only primary and

tertiary vascular bund h lehai ctcrO Olalso haredwith nnualorshort-lived

perennial* (Fig. 17, clades D& lis species (M. an nun. M. brcvis, M. breviseta*, M.

lapillipcs. M. ! nspiscld. M. de/>o ii,mo aw Ai. c/nhmv Af. jilijcn ni/'s A?, /hv;,h

h. /rtigibs. M. na/hiedfu. ,\/. hwhnh Ai. ma/hrcr/os. Al. iiniminMrio. Ah.

peruviana, M. ram

u

losa, M. sch mitz i i, M. soi uosm M. s£ nC mr, M. tenuissima, M.

texana,M. vaginata > llouoo I'O.-Mh i^Uim m < i ( dm i I ( m
i.e., derived from a si ngle com in on ancesl or. lor the deri varion of this State [char-

acter 6(2)].

The evolution of C\ photos\ mhesis in grasses is a complicated subject.

ho\u v< r. itse< in o P ai i hat the
|

li i ha »ngmated at ! ilouitnm ml

and Kellogg 1996) or more (seven or more times in Brown 1977). One of those

origins appears to h Ik ubia i! < ilori > i c h 1 u l nvoize and Clayton

1992). Our study suggc I th tm \lul nlm m In Pi \\ uh\ oc ol photos) n-

thesis was a single evolutionary event [character 7(2)]. Since the occurrence of

the PCKsubtype isfoundin thu i ol th, o a, uoup |ho Cw ml/ men
flora, Leptochloa virgata. and S/vwCh/o mrouhsj. it is not surprising that in

all 200 trees this stati tppea ph lomorpfi lien rooted with t lu i t is

HattersleyandWat MiiohXC j h\ pudi iml h iih l'< U nbi\|.ii ol mIIohi

NAD-MEsince in thcC4 acid cycle I'C'.K subtype isaneiiliaiicementof the NAD-
MEsubtype, and PCKis only known in grasses and may therefore have evolved

subsequent to the NA I > MF. t y pc w 1 1
1 c h i s k 1 1 ( nv 1 1 i 1 1 ol lie to n onocotyledons and

dicotyledons Jacob tlh i I i hat rh< l< 1 subtype is perhaps

primitive since it is found in othei groups, i.e.. Panicoideae, whereas the NAD-
MEsubtype is restricted to Cfdoridoideae. We agree with Hattersley and

Watson^ assessment and preier to vii v th levelopment ohTic P' I nb p i

Muhlenberg] a as tin derived tan \n alternativi h
>

jtoi Pn hi u I tin

woufd require additional morphological or molecular evidence, might be that

the PCKspecies or Msubg. Muhlcnhcrgia actual I y represent :a separate lineage

and deserves generic status.



The remaining o4 taxa [M. apuasudicntcnsis. Al. annua. Marcnacca. Al

arcnicola, M. avgentea. Manzonua. M. aspcrijolia. Al. btc\ijolia, AT brcvis, M.

brevisettp M.aipiUipcs, M.uixamaiicnsis, M.ciccju. Mtrispiscla, hd.cualcnsis,

Al curvula. Al cuspidaui. Al depaupcrata. Al duranycnsis. M. cludcns, M.

eriophyllaMjastigiataMJiliculmisMjiliformisM.flabellataM.flavida,M-

jlaviseta,M-flcxuosa. Mjiapilis. Al hintonii. Al implicate;, M/<meszi,M. ligularis,

M. majahcnsis. M. muhiscnsis, AT minutissima. Al. monnnu/. M. orophila, Al

palmircnsis, M. pcnivianu. A/. /Wh/h /n-cf. A/, /'unpens, Al. pnrpusii, Mquadri-

dcntatci Al ramulosa, M. repens, Al. > ir/ian/sums. Al. si limhrui, AT stYJtonii, M.

sinuosa, M. sinuosa, M. straminca, M. sinclior, M. tenuissi?na, M. texana, M.

torreyanaM- torrcyi, AT utilis. Mvagmuta. M. villiflora var. vi!!i/Iord, M. vil/i-

/[ora var. villo.sa, M. vires. ens, M iva/smiiana. and M. urig/ilii) seem to contain

sympleisiomorphies, i.e., they lack anatomical synapomoi pines I hrsyspn. ics

all exhibit radiate, compact chlorenehyma or the classical NAD-MRsubtype

characteristic ol many chloridoid grasses Thai aciei n.\ )| contain primary vas-

cular bundles without sclerosed phloem (character I 3(2)1, although ]-)resent m
M.arenicokp Mptmgrns.and Mlot rcyi: have rounded vascular bundles [char-

acter 2(1)1, although A I. toi in \ ana. and Mju myc a >'have ohovate/eUiptic or rect-

angular bundles; have simple keels [character 4(1 .»[, although AT torrcyana has

a complex compound keel like species m Al. subg. 1 ir/id iilaa sect. Hpuampcs;

and have circular or irrcgularto Ian shaped bulhlorm eel k-[character 9(1)]. Fven

though the clad istic analysis using these lo anatomical characters does not sug-

gest a monophyletK lineage lor these 3 species, we prefer to recognize them

inlonnallv as the 'Uomcna' complex (Peterson 2000).

Within "Clomena' there exists some resolution, for instance, a ciade con-

taining annual or short lived perennial species dag. 17. chide IT is based on the

occurrence of primary and secondary vascular bundles (character 6(2)]. Other

annuals (M. annua. Al. brcvis. Al. enspisefa. Al. depaupcrata. Al cludcns. AT

/ragilis, Al minutissima. A I. sin mesa, and Al tcxana) occur as a grade. A grade

(Fig. 17, grade FJ within T'.lomena' containing A J. apuasu.dicntcnsis. Alcua/e/isis,

M. curvula, M. durangensis, M. flabcllata. Al hintonii. Al quadridentata, Al

slraminca, and Mvi rcsic ns. along \\ it h the remaining sprues in the analysis is

alsodepictcd.Thcse species along with A I. urge n tea. M( n.s/wsrfa, M. criophylla,

M.filiculmis, M.jlavisela. M.pnesii. AT nuehisensis. AT montanaM-peruviana,

and M. vvcflsoniufx/ haw been rclcnvd to as the Muhlcnbciyui montana complex

(Herrera-Arneta 1998; Merrera-Arncta and De la Cerda-I.emus 1995; Herrera-

Arrieta and Grant 1 993,1994). This complex consists ol high I y caespitose species

usually with a three waned upper glumes, and in our analysis, leaf blades

mostly with three or more layers of adaxial sclerenehyma in the primary

bundles [character 140)|. The Muhlcnbcrgia re pens complex (Morden 1985,

1995; Morden and 1 larch 1987, 1996) which includes Al /nsnginin, AT plumbca.
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M. repens, M. richanhoms. M. utilis and M. villijlora) is nor monophyletic, i.e.,

these species are found in two or more clades or as a grade with many addi-

One of the two least homoplasious characters in the analysis is chloren-

chyma arrangement (character 7, consistency index = 0.50). All species in M.

subg. Muhlenbergia appear to be IX K leharacter 7(2)] whereas all other members
of the genus are NAD-ME[7(1 )]. Only two species are ambiguously scored for

character seven, M.glauca, more t han I i kely a memhero! M subg. Muhlenbergia,

and M. capillaris, clearly a member of ,\f. subg. 7nY/i<n iiloa. Median vascular

bundle structure (character 11, CI = 0.=)0) is the other least homoplasious char-

acter. All members ol \I subg /nV/iorMousect Epicatnpes have median vascular

bundles that are differentiated from other primary vascular bundles [11(2)1 If

you choose to disregard the outgroup species in the cladistic analysis, then

within Muhlenbergia there is no homoplasv (CI = 1.00) for these two characters

(7&11).

In conclusion, our data support the division of Xhihlcnhcrgia into two sub-

genera (M. subg. Muhlenbergia and Trichochloa) and two sections (M. sect.

Hpieampcs-cincl Podosemum)m M.subg. Trichochloa. Preliminary investigations

of Muhlenbergia and relatives based :^o internal transcribed spacer region se-

quences of nuclear til )osomal h)[\'A provide support lor acla.de containing on I v

PCKspecies (= M. subg. Muhlenbergia) and another clade containing only M.

subg. Trichochloa (Peterson, Columbus. Cerro Tlatilpa, and Kinney 2001). We
prefer to view this partial classification based on anatomical characters as a

work in progress and realize that with additional morphological and molecular

data our understand i ng of t he evol i it ion of t his gen us will i mprove. Wefeef it is

important to present this anatomical information since it is the first time the

entire genus has been surveyed in 1 his manner therefore this serves as a foun-

dation for further taxonomic research.

Specimens used in this study, all housed ai I he Imiicd Stales National Herbarium

(US) unless otherwise indicated. Those marked with an asterisk * appear in the

figures. Collectors are abbreviated as follows: A - (. !.R. A unable: AC= S. Acevado;

B = S.M. Braxton; C = A. Cortes O.; CA = MA. Carranza; CV = A. Campos-
Villanueva; D = C.H. Dietrich; DC= M. De la Cerda-Lemus: DU= WC. Dunn; G=

M.S. Gonzalez-Elizondo; H = Y. Herrera-Arrieta; J = E.J. Judziewicz; K = M.B.

Knowles;KI = R.M.King;L=J.l.inl<ins;LB = RJ.LeBlond;M = O.Morrone;P = P.M.

Peterson; PO= M.H.Poston:R= N. Relulio-Rodngucz; S = R
:
].Soreng;V=J. Valdes-

Reyna; VI =JA. Villarreal; W= A.S.Weakley.
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